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SUMMARY
PROBLEM

Prepare a reconnaissance report on the subsurface offshore conveyance of fresh
water from northern to southern California by studying the physical properties of the
oceanic water column, especially near the seafloor, along the California coast. Specifically,
investigate the region between Crescent City and San Diego from the 20- to the 200-m
depth contour.

RESULTS

All available data on relevant variables were analyzed to provide information for
aqueduct planning decisions. The variables and analyses most influential in planning the
California Undersea Aqueduct were divided into two categories: variables influencing the
100-year survival of the aqueduct (century risks) and variables influencing the construction
and maintenance of the aqueduct.

Waves, surges, tsunamis, density, and light do not appear on the basis of reconnais-
sance data to pose insurmountable problems. Surface, water column, and bottom currents,
including upwelling and internal wave phenomena, may or may not be prohibitive; data are
inadequate, and additional information must be obtained from in situ observations. Canyons
are not an insurmountable threat, but will pose innovative engineering challenges and probably
be quite expensive. Additional data will also be required on these processes.
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INTRODUCTION

With the excessive growth of population resulting in increased demands for the move-
ment of personnel and goods and with diminished space and inflated construction and main-
tenance costs, serious consideration is frequently being focused on novel systems of transport.
Among these is a transport structure on the seafloor in coastal waters. One coast with a very
large amount of transport, and which is experiencing a rapidly increasing need for even more
transport, is the California coast.

While many transport needs are of interest and should be considered, one which has
the potential for erupting into demands involving economic, political, and international
aspects is the transport of water. Southern California uses a considerable portion of water
from the Colorado River and California’s Central Valley. It is possible that the Colorado
River Basin, Mexico, and the Central Valley regions will demand large proportions of their
water, possibly with limited notice, forcing southern California to find water elsewhere. One
potential source is the considerable runoff into the sea from the Klamath and Eel Rivers in
northern California. Such a situation would immediately call to mind the possibility of an
undersea aqueduct from northern to southern California. The U. S. Bureau of Reclamation
was requested by the 90th Congress to prepare a reconnaissance report on the subsurface
offshore conveyance of water for such a route. The Bureau of Reclamation formed the
California Undersea Aqueduct (CUA) study team. The Naval Undersea Center assisted the
CUA study team in the oceanographic aspects of the reconnaissance. This report represents
the California Undersea Aqueduct Reconnaissance: Oceanography (CUARO).

The objective was to study the physical properties of the oceanic water column,
especially near the seafloor, along the California coast. The region of interest to CUA
planners was between Crescent City and San Diego, from the 20-m depth contour to the
200-m depth contour (this region will be called the CUA strip in this report). The study
consisted of searching out and acquiring all available data on relevant variables and analyzing
these data to provide information on which to base aqueduct planning decisions. The
variables and the analyses believed to be most influential in planning the CUA can be divided
into two almost disjoint categories: variables influencing the 100-year survival of the aque-
duct (“century risks”) and variables influencing the construction and maintenance of the
aqueduct. The variables within each category are listed in table 1.

To enable the reader to visualize coastal locations and their characteristics, a chart
of the coastline is included in a pocket in the back of this report. This figure, the California
Undersea Aqueduct Region Location Chart, presents the California coastline in a 5-ft long
strip (scale: approximately 1:866,000). The shaded portion represents the area of greatest
interest to CUA planning, i.e., that between the 100- and 200-m depth contour.




Table 1. Variables, parameters, and physical causes for factors affecting
the proposed California Undersea Aqueduct.

Century Risks

Variable

Parameter

Influencc and Source of Variable

Density: high
Density: low
(given as oy, where
0=1000 (p - 1),
where p is in g/ml)

Bottom surge
(given in cm/sec
of water speed)

Bottom current
(given in cm/sec
of water speed)

Tsunami surge
(given in cm/sec
of water speed)

The most extreme value to
be expected in 100 years

in terms of confidence
bounds from probability
distributions. Distributions
generalized from existing
data to entire coastline
between the 20- and
200-m depth contours.

Single surge values cal-
culated for 20, 50, 75,
100, 150, and 200 m

over the entire coastline
from worst tsunami in ovcr
100 years.

Controls the buoyancy of pipeline,
which influences vertical stress or move-
ment (sinking and floating), affecting
mooring. o¢ depends upon temperature
and salinity.

Horizontal cyclic water advection over
the seafloor influences horizontal stress
or movement and lift. Surge depends
on bottom depth and on surface wave
height and length, which result from
storm winds.

Horizontal and continuous water ad-
vection over the seafloor influences
horizontal strcss or movement and
lift. Current depends on permanent
current component, tides, and wind
of long fetch and duration.

Horizontal “occasional shock” water
advection over the seafloor influences
horizontal stress or movement and
lift. The “one shot” tsuanmi surge de-
pends on the height of a seismic sea
wave and the depth and slope of the
seafloor.




Table 1. Continued.

Construction Variables

Variable

Parameter

Influence and Source of Variable

Density: surface
(given as o, where
0=1000(p-1),
where p is in g/ml)

Density: 50 m
(given as o, where
o=1000(p-1),
where p isin g/ml)

Density: 200 m
(given as o¢ , where
0=1000(p-1),

where p is in g/ml)_J

Averages and standard devia-
tions in the aqueduct region
for winter and summer for
locations at which data were
found.

—d

Controls buoyancy affecting sink-
ing, manipulation, installation, and
repairing of pipe sections.

Waves, surface
(given in m of
wave height)

Averages and standard devia-
tions at surface above 20-,
50-, 100-, and 200-m depth
for winter and summer for
locations at which data

were found.

Influences station-keeping and
stability of platforms used in con-
struction and maintenance opera-
tions; wind determined.

Surge, bottom
(given in cm/sec
of water speed)

Averages and standard devia-
tions at 20-, 50-, 100-, and
200-m depth for winter and
summer for locations at
which data were found.

Buffeting effect influencing
manipulation, installation, and re-
pairing of pipe sections, i.e., drag
and lift. Surge depends on surface
wave height and length, resulting
from storm winds, and on bottom
depth.

Currents, surface
(given in cm/sec of
water speed)

Averages and standard devia-
tions in aqueduct region for
summer and winter for loca-
tions at which data were
found.

Continuous surface-water advec-
tion influences station-keeping and
sinking control of pipe sections.
Current depends on permanent
current component, tides, and
wind of long fetch and duration.




Table 1. Continued.

Construction Variables

Variable Parameter Influence and Source of Variable
Currents, bottom Averages and standard devia- Continuous bottom-water advec-
(given in cm/sec tions at 20-, 50-, 100-, and tion influences manipulation, in-
of water speed) 200-m depth irrespective of stallation, and repairing of pipe

season. (Winter and summer sections by creating lift and drag.

bottom currents are similar
except for a small summer
decrease in the far south.)
Only locations completely
modelled are used: no data

were found.
Light transmit- Averages and standard devia- Incident daylight has dropped
tance (given in tions for 20- to 60-, 60- to below the human threshold by
%/m) 130-, and 130- to 200-m 50 m. Transmittance shows the
depth intervals for winter capability of the water to be arti-
and summer for locations ficially illuminated. At 50 m and
at which data were found. below, night work will be as effi-

cient as day work.

To enable the reader to visualize coastal locations and their characteristics, a chart
of the coastline is included in a pocket in the back of this report. This figure, the California
Undersea Aqueduct Region Location Chart, presents the California coastline in a 5-ft long
strip (scale approximately 1:866,000). The shaded portion represents the area of greatest
interest to CUA planning, i.e., that between the 100- and 200-m depth contour.

DATA AVAILABILITY AND SOURCES

ORGANIZATIONS AND INDIVIDUALS CONTACTED

The archives of institutions where relevant data were likely to be found were studied,
and the persons responsible for data management and archiving were contacted for assistance.
(See appendix A) A number of individuals working in areas related to CUA interests and
who might either have data or be able to recommend sources were also contacted. (See
appendix B.)

Generally, the data were sparse and of poor quality for several reasons. The physics
of the open sea are much simpler than for coastal areas, and open-sea results can be generalized




to much larger areas. Thus, it appears that researchers have felt that deep-sea research gives

a larger return on the research dollar than near-shore work and have neglected the latter.
Also, when data were prescnt for coastal areas, they had often becn subjected to inappropriate
analysis techniques that were directly carried over from deep-sea work. For example, data
were often averaged from nonrandomly positioned stations over a 1-deg square or even a
Marsden square (10-deg square). In CUA analysis, information is often useless if amalgamated
over more than 1-min squared, and even greater resolution is usually required for near-shore
work.

For the majority of the California coast, especially in northern California, there were
no usable data. When data were present, they were usually grossly amalgamated, rendering
the information useless, and if the original data were present, they were neither representative
nor random in either time or location (for a given time and location, each possible value given
the same opportunity to occur). Furthermore, most stations did not have data taken near
the bottom, the region of greatest interest to the CUA study. For the rare phenomena of
greatest threat to an aqueduct, such as tsunamis, surges from severe storms, and locations of
extreme bottom currents, no investigator has been successful in (or perhaps attempted) sam-
pling velocity and stress variables. The CUARO team asked experienced oceanographcrs,
divers, and others who had spent decades in interface with the sea for expert opinions to
supplement the data. In the less obvious questions, experienced persons differed in their
predictions of phcnomena, judgment of what factors were the most influential under varying
conditions, and time scales of likely events. This disparity apparently arose because the ex-
perienced personnel werc expcrienced in only one or a few of the interacting variables,
rather than having a system view of the problem.

DENSITY: DATA AVAILABILITY AND SOURCES

Oceanographic stations taken at sea are numerous; most provide temperature readings
of some sort, and many also include salinity measurements. From these, theoretical densi-
ties can be calculated. However, because the gear was not lowered near the bottom in most
experiments, the plethora of near-surface data curtails rapidly with depth, and data are very
sparse in regions of prime interest to the CUA.

What data are availablc in a form sensitive to CUA needs have been collected mostly
by the California Cooperative Oceanic Fisheries Investigations (CalCOFI) at standard stations
over several years. The CUARO team obtained data types from CalCOFI for near-shore
stations along the entire California coast and calculated temperature- and salinity-dependent
densities, i.e., 0 (see Sverdrup, [1942] ).

WAVES: DATA AVAILABILITY AND SOURCES

Wave data in the form of sea state observed by sailors are plentiful. Dependable
measurements under storm conditions exist, but are rare, and measurement of bottom surge
past the surfline is almost nonexistent.

After considerable examination of available data sources, the following were selected:
Bixby [1962], Humble [1970, 1971], Marine Advisors [1961], National Marine Consul-
tants [1960, 1960], Oceanographic Services [1969], Pierson [1955], Sverdrup [1942], and
Wiegel [1964].




CURRENTS: DATA AVAILABILITY AND SOURCES

Surface current information is available as time averages over gross areas, but little
exists as accurate data suitable for input into CUA planning. It was necessary to calculate
current from tides, winds, and geostrophic flow. Calculations were simple vector addition
of velocities given in the following references: CalCOFI Atlas No. 4 [1966], Naval Weather
Service [1971], NOAA[1971 and 1972],and USCGS [1972].

Some time-dependent current measurements spaced throughout the water column,
all located just off Santa Barbara, are given in Paquette [1972]. While the current values
are not very useful in this context, the form of the probability distribution with time and
the measures of spread should be applicable.

Strict bottom current information is almost nonexistent. Most experimenters do not
lower their gear to the bottom because of the risk of loss and lack of interest. Dr. Douglas
Inman, SIO, has placed current meters on the rim of La Jolla Canyon, but they have been
lost by strong advective flow. Several investigators have also used bottom drifters, but an
analysis of the data shows them to be useless for CUA purposes; samples are biased, no in-
formation on current speed or variability can be obtained, and only net distance and direc-
tion are available as opposed to the actual path taken. For bottom currents, the CUARO
team was forced to depend entirely on computer simulation, which is discussed in the section,
Data Analysis of Century Risks.

TSUNAMIS: DATA AVAILABILITY AND SOURCES

An extensive search produced no data on tsunami-generated bottom surge from
actual measurements, and from all inquiries we are led to believe there are none. There do
exist run-up and tide-gauge data from several tsunamis. However, because shore influences
initiated hydrodynamic distortions which could not be filtered out in returning to the in-
coming wave location at sea, these data proved of no use in the back-extrapolation of beach
data to the 20- to 200-m contour areas of CUA interest. There were two remaining possible
sources of information: deterministic predictions from a model developed by Tetra-Tech,
Inc., outlined in their brochure ‘Deterministic Prediction of Tsunami Effects’[1972], or use
of Tetra-Tech data on dynamical topography of the sea surface to bring tsunami waves to
shallow water by solitary wave theory, ignoring the subtleties of diffraction and other local
influences. Tetra-Tech quoted the cost of their model for CUA purposes as $600,000; the
wave theory approach was chosen.

Tsunamis are rare, and there is no reason to believe that the present warning system
will not be continued. Therefore, tsunamis are considered in this report only in the century
risk section as affecting aqueduct survival.

LIGHT TRANSMISSION: DATA AVAILABILITY AND SOURCES

Two classes of available light transmission data are secchi disk measurements and
alphameter measurements. Secchi disk measurements were dropped from consideration be-
cause théy are only vertical, only surface, not susceptible to rigorous scientific calibration,
and confounded with sunlight penetration. Six reports gave alphameter measurements, five




of which fell in the area between Monterey and San Francisco and the sixth between
Santa Barbara and La Jolla. These reports were Baker [1970], Drake [1970], Labyak
[1969], Shepard [1970], Soluri [1971], and Yeske and Waer [1968].

Most alphameter measurements have been taken at shallow depths, as evidenced
by several authorities in addition to the archives search. The 100- and 200-m depths
are virtually unexplored with respect to light transmission.

Light transmission is considered only as a construction and maintenance variable
since it is believed that century extremes of light penetration into the water will pose
no survival risk to the aqueduct.

DEVELOPMENT OF METHODOLOGY FOR 100-YEAR EXTREMES

Suppose there exists a probability density fx(x) on a variate X. Let us use
X = wave height (vertical component of trough-to-crest distance) in meters as an ex-
ample throughout this section; other variates follow the same theory and methodology,
but have different forms of fX(x). We are concerned with extreme values. In our ex-
ample, we wish to predict the greatest wave height which will occur in the next hundred
years. The first impulse is to find b such that

b
P[X < b] =f fX}dX =1-aq, (1)

and then to say, “We are 100 (]l - «) percent confident that the greatest value on X
which will ever be observed is b.”” However, several objections occur in this approach.
(1) Gumbel [1958] has shown that extreme values, or records, over a time period in-
crease monotonically with the length of the time period, so that no ‘“‘greatest . . . ever
be observed” is possible to predict. (2) The physical circumstances which generate
common values on X may be sufficiently different from those which generate record
values so that influences found to be negligible in one may be important in the other
and vice versa. Thus, the probability distribution for common occurrences may be
different from that for extremes. (3) The difference between the true and assumed
probability densities may become large in the tails. Consider figure 1. In this figure,

fx represents the assumed probability density, the one we can manipulate and calculate,
and gy represents the true density, which we can never know. If fy should deviate
very far from gy, empirical frequency distributions of samples from gy would so indi-
cate in the region of the bulk of observations; herein lies the problem. The bulk of
observations are in the central part of the curve. The reasonable agreement lies in the
central region, not in the extremes. Traditional statistical methods study central
parameters and variability about central parameters; the area under a tail is used only
for measuring the separation between values of central location or central variability
parameters. For example, in figure 1, the difference between the two curves, i.e., the
percent error in density in assuming fy when gy is true, is about 6 percent in the
vicinity of the mean, but it is about 400 percent in the vicinity of point a.




fy(x) (assumed)

gx(x) (true, but unknown)

probability density

1
Mode Mean X

Figure 1. Examples of true and assumed probability distributions.

What we require is the probability distribution of extreme values. Gumbel [1958]
and Borgman [1961] have derived probability distributions for the number of times an
existing record will be exeeeded during an ensuing time interval of given length, but they
say nothing of the values of the exceedeness. Thompson [1969] proved that the distribu-
tion function of the values of the extremes follows the form

HX(X) - e_e'(x'B)/7 (2)
for the parameters
B =mode (x) and y = (\/-6—/77)X(standard deviation of x). (3)

hx(x), the density associated with the distribution Hy(x), is illustrated in figure 2 in its re-
lation to gx. Although Thompson has given the form of hy, observations from hy are not
available to estimate the parameters of hy, and we have been able to find no general devel-
opment in the literature which allows observations from gyto estimate h parameters. The
analytie derivation of an approximation to hy has appeared in the literature for only certain
of the gx forms we use, and even for those forms sample sizes and time interval relations
prevent the approximation from being adequate in many cases. (For a review of such work,
see Barlow and Singpurwalla [1972].) Sinee any analytie method developed must depend
on the form of gy, necessitating a new development for each form of gy, we developed a
simulation algorithm to be utilized on a computer so that the same program could be used
for any gy. Steps in the simulated algorithm are listed on page 10.
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frequency

1. Obtain observations (x) on X. Desirably, x can appear only at discrete time inter-
vals of, say, tg in length. For example, if X is the wave height during a storm and there are
about three storms per year, then tg is about 4 months. Alternatively, X may be continuous,
in which case x; (x at time t) may be correlated with x{4¢ (€ small and positive) because of
continuity constraints of the physical process. Worse, a simulation sampling can yield an
arbitrarily large extreme because any size sample may be taken from any nonzero time in-
terval. As anad hoc solution for CUA purposes, an arbitrary time period, say tg, was taken
in continuous cases, and the midinterval or largest x in this interval was used as a datum. tg
was chosen large enough to damp out the autocorrelation. An example of such a variable is
the density of seawater, which exists and is measurable at any moment at any place in the sea.

2. Predict by fy the functional form of gy, and verify by goodness-of-fit tests on
the empirical frequency function, which is illustrated in figure 3. Estimate parameters of
fy from data.

3. Using a computer, take a randomly chosen sample of n values drawn from the
fitted fy; record the largest of the n values. Suppose we wish to predict the most extreme
values on X to appear in the time interval t] (> tg); for CUARO, t; = 100 years. Then
n =t}/tg. This procedure provides one observation on X drawn from hy, and satisfies ob-
jection 1. Steps | and 3 together satisfy objection 2.

4. Repeat step 3 m times (m = 500 for the CUA study), and use these m data from
hy to estimate the parameters g and y of hy . This step satisfies objection 3.

5. Find an x so that Hx(x) =] -aby

xg = Yn[-Ln(l -a)] +8 (4)

to compute a 100(] - a) percent confidence bound on the greatest value of X to be observed
in time period ty. This bound, XQ, is shown in figure 2.

Figure 3. A possible random sample of 200 observations drawn from gx(x).




DATA ANALYSIS OF CENTURY RISKS: THEORY,
ASSUMPTIONS, AND CALCULATIONS

DENSITY ON THE BOTTOM

Our major concern with density is its effect on aqueduct buoyancy. Phillips [1966]
defines buoyancy as

b= =g ( = pO ) s
Po

where g is the gravitational constant, p is the buoyancy of the object or water body in ques-
tion, and pg is the average density of the world’s oceans. For CUARO purposes, pp will
represent the average density at a potential aqueduct location rather than a world average.
When extremes are calculated, b will be obtained for coastal water bodies with the highest
and lowest values of oy, using a “p¢” defined as 1 + 0¢ X 10-3. When the CUA planning
team considers potential materials for aqueduct construction, they may calculate b for each
material for each location as needed; however, they must use p and not Pt

It was desired to estimate 100-year extreme values of 0¢. In accordance with the
theory of the section, Development of Methodology for 100-Year Extremes, a tg of 2 months
was found adequate to eliminate time-adjacent autocorrelation. The first o¢ in a 2-month
interval was chosen, and the remainder dropped from consideration. o was calculated from
temperature and salinity measurements in cases for which it had not been previously calcu-
lated. Most density measurements did not fall in the 20- to 200-m CUA contour strip. To
obtain enough data for analysis, and with the concurrence of the CUA Denver team, it was
assumed that density for a depth z in the water column at any offshore station approximated
the density where z was the actual sounding. For example, it was assumed that the density
at the bottom in 100 m of water was the same as the density at 100 m in water of greater
depth. Means, standard deviations, and empirical frequency distributions were obtained for
the retained densities at CUARO standard depths (20, 50, 100, and 200 m) from amalgama-
tions of observed densities at cach location for which densities could be found. The amal-
gamations were performed ignoring upwelling. Because upwelling is a rather slow process
relative to other variables, its influence should not be large, and because it is very local in
both space and time, its influence in the century context is decreased. Most authorities
believe that most upwelling influences occur too far offshore to affect the CUA strip.
Samples with less than five observations were dropped from consideration as being too
small to yield statistically reliable results. Because of absent data at some locations and
depths and inadequate sample sizes at others, results could be given for only certain depths
at some locations. Several consultants at SIO, NUC, and NPGS independently stated that
the probability distribution of seawater density at a fixed location is normal in form. The
empirical frequency distributions agreed ; normality was accepted as an assumption. The
extremes simulation algorithm was followed to obtain the probability distributions of ex-
tremely high and extremely low density values (as hy) by making one simulation for each
tail of the basic density distribution (as fy). Confidence bounds were computed for levels
of confidence of 0.80, 0.85, 0.90, 0.95, 0.96, 0.97, 0.98, 0.99, 0.995, and 0.999 for each
available locale. These appear in the next section.
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The next task was to generalize the density pattern from locations at which data
were present to the entire California coast to permit the rcsults to be displayed as overlay
shadings (sec figures 4 through 38, part A). The 99 percent confidence values were cxtractcd
from the tables, transferred to coastal charts, and contoured on the charts in the same
manner that bathymetry is contoured. Thc shading differenccs were chosen to be approxi-
mately 10 percent of the area contained in the 20- to 200-m contour strip. The most ex-
treme densitics arc dark gray (5 percent low tail, 5 percent high tail); the 10 percent of the
area representing the medium extrcme densities are light gray (half each tail); and the re-
maining 80 percent are unshaded (white). The outlines of the shaded strips were contoured
and then filled in with the appropriate shading. While thc large mylar charts (35 areas for
each of four variables) arc not rcproduced in this report, the reproductions of reduced sizc
(figures 4 through 38) will increase the understanding of the reader.

BOTTOM SURGE

Water particles in surface waves follow an orbital motion. However, when moving
toward the bottom, the motion approaches a horizontal back-and-forth alternation or surgc.
Direct observations of bottom surge are virtually nonexistent. The necessary approach was
to generate surface-wave extremes and carry the energy to the bottom via Airy wave theory.

For the generation of an extreme surge, data from the worst storm in several years
were used, which obviated the continuous variate problem and provided a t( of 1 year.
Mcans, standard deviations, and empirical frequency distributions were computed for am-
plitudes and periods of surface waves at each location where storm data were available.
Consultants indepcndently stated that storm wave amplitude and period would both be
distributed as log normal in form, and the empirical frequency distributions agreed.

A log normal distribution is given by the form

I 2/7b2
fy(x) = —— X-l ¢-(4n X-2)</2b=, X>0,b>0, (5)
% Vv 2n
where a and b are parametcr estimates obtained by

1 = —
a=-5 n [s2 e-¥n X +¢-20m X (6)

and
b=(0nx%-2a)!/2, (7)

whcre X is the sample mean and s is the sample standard deviation. Using these parameter
estimates and the log normal fy assumption, the extremes simulation algorithm was followed
to obtain the probability distributions hy of extremely high waves and long periods.

From Wiegel (1964], surge velocities associated with the extreme waves of the century
were computed. If z denotes water depth, L denotes wave length, H dcnotes wave hcight,
and T denotes wave period, the bottom surge velocity V is given by
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V= T H % 1 8)
T sinh (27z/L)

L L
The functional relationship to find L in intermediate water(ﬁ <Z< 3) from known

variables such as T and/or H is not explicit. A computer convergence routine was used to

approximate L from Wiegel’s Eq. (2.39):

T2 2
i = §2.7r~ tanh % . 9

To bring extreme waves into shore, fetch must be considered since the data stations
are some miles out to sea. Any storm capable of generating the century’s greatest wind wave
must be large enough so that fetch will continue from a station into shore, unless hindered
by a large physical impediment such as the Channel Islands. Thus, it was assumed that waves
approaching the coast were wind driven throughout their path if north of Pt. Conception,
but were carried into shore by wave propagation if in the lee of the Channel Islands. A
graph in Pierson, Neuman, and James [1955] was used to obtain the effect of island protec-
tion on the wave parameters.

Bottom surge increases in a predictable form as depth diminishes until the wave
breaks, after which the velocity probably remains the same or is perhaps slightly reduced
(Le Méhaute [1955]). Breaking depth was obtained from another graphical relationship in
Wiegel, and surge velocity was held constant at breaking velocity after breaking. Heights of
breaking waves were calculated by a formula from Komar [1972].

Confidence bounds on the greatest wave height and length were computed from hy
for confidence levels of 0.80, 0.85, 0.90, 0.95, 0.96, 0.97, 0.98, 0.99, 0.995, and 0.999 for
each available locale; the waves were brought in and down as previously discussed ; and the
respective extreme bottom surge velocities were calculated.

The next task was to generalize the bottom-surge velocity pattern from locations at
which data were present to the entire California coast to permit the preparation of overlay
shadings (figures 4 through 38, part B). The stations for which data were present were so
patchy that the CUA strip could not be as dependably contoured as was density. The 99 per-
cent confidence values were extracted from the tables and ordered. The upper quartile
(which was found to be 134 to 290 cm/sec) was chosen for dark gray; the third quartile
(68 to 127 cm/sec) was chosen for light gray; and the lower two quartiles (13 to 67 cm/sec)
were unshaded. (The result is similar in shading ranges to the velocity breakdown for tsuna-
mis, which had the two extreme deciles of the coastal area shaded like density.) The pattern
became clear, and the simpler boundaries were contoured and filled in with the appropriate
shading.
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BOTTOM CURRENTS

In the absence of adequate data, the CUARO team sought guidance from scientists
with personal knowledge of bottom currents, e.g., scuba divers* for depths of 20 to 50 m
and submersible operators** for greater depths. The amalgamation of opinion was that
bottom currents are directionally variable, their spatial average of time extremes will not
exceed 75 cm/sec (a figure which agrees with results in Paquette [1972]), and in shallow
water they are a much less severe problem than surge. Many consultants raised the question
of canyon hydrodynamics, suggesting that it might be a serious problem in both aqueduct
construction and survival. S10 has recently conducted studies, not yet published, into the
theory of canyon flushing, which suggest severe velocity and turbulence problems. We
entered into the computer simulations with these problems in mind.

Another complication is internal waves, which can reach the bottom as they come
into the depths of CUA interest and thus act as currents. Little data were found, none satis-
factory for CUA purposes. It is expected that no internal wave particle velocity will exceed
25 cm/sec and usually will be much less. With no data and no theory adequately advanced
for modelling, the CUARO team found it necessary to neglect internal waves.

A search for modelling capability led to the Navy’s Environmental Prediction Re-
search Facility (EPRF), Monterey, which has further evolved the Hansen Hydrod ynamical
Model. (For a description, see Laevastu and Rabe [1972].) It is a numerical model which
has proved successful in the North Sea, Mekong Delta, Barents Sea, San Diego Bay, Straits
of Florida, and Strait of Gibralter. It uses the sum of currents caused by geostrophic flow,
tides, and winds to produce a new current velocity in the water column. Verification of the
model’s practical efficacy can be found in Hamilton and Laevastu [1972], Laevastu [1972],
and Laevastu and Hamilton [1972a, 1972b]. The CUARO team contracted with EPRF to
produce a modelling of areas with representative current-influencing parameters along the
California coast. Funds limited the modelling to three areas: a flat-bottomed area (north
of San Francisco), a steep rocky area (Big Sur area), and a canyon (Carmel Canyon). EPRF
was requested to produce average and extremely high current outputs. The permanent cur-
rent component is nearly the same in either case. Models with average and extreme tidal
components were generated. The net wind component was set at 8-m/sec velocity for all
modelling, but it was adjusted to 36 m/sec a posteriori by the CUARO team for extremes.
The depth at which wind can be influencial was computed by Ekman transport theory simi-
lar to that used by Hunkins [1966]. The depth of the frictional influence D has been
given as

D = 7V a/pSsing, (10)

where a denotes an eddy viscosity coefficient of approximately 100 g/cm sec2, § denotes
an angular velocity of 0.729 X 10-4 r/sec, and ¢ denotes latitude. D was calculated for lati-
tudes from 42 deg (near Crescent City) in the north to 33 deg (near San Diego) in the south.

*Dr. Robert Dill of NOAA, Mr. Edward Tunstall of NUC and S10, divers employed by Crescent City,
Dr. Robert Riffenburgh of the CUARO team, etc.
**Dr. Dill, Mr. William Potter recently of the CUARO team, Mr. Neil Marshall of S10, Dr. Fric Barham of
NUC, etc.
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D for Crescent City was about 44 m, and D for San Diego was about 49 m. With an expo-
nential particle velocity diminution, frictional influence anywhere near the 44- to 49-m
bound will be negligible. It may be concluded that wind influences are of concern only at
the CUARO standard depth of 20 m.

Let us consider bounds on the wind components. Let us denote wind velocity by
w (m/sec), depth by z (m), and particle velocity at depth z by V, (cm/sec). The relationship
of w to Vy may be given by

Vo=3.8Vw (11)

where 3.8 is an empirical constant [Hubert and Laevastu, 1965]. Given surface flow V,
V, may be related to z by

V, = Vge /D, (12)

when fetch and duration are large enough to reach equilibrium conditions, which is the case
under extreme storm conditions. Some values of Vg and Vyq given by bounds of latitude
for CUA are in table 2.

Table 2. Values for Vg and V7 for CUA.

Storm Wind Speed

Location Average (w=15.5) Extreme (w =36)
Vg at any latitude 15.0 22.8
Vo at 42 deg (Crescent City) 3.6 SIS
V7 at 33 deg (San Diego) 4.2 6.3

The output delivered by EPRF was remarkable in its detail. Very large changes, e.g.,
doubling of velocity, occur between two points perhaps 1 km apart. The variability in a grid
of 15 or 20 km was so remarkable that a very sophisticated geodetic methodology appeared
to be the only alternative to a complete modelling of the coastline, which was fiscally im-
possible. Attempts to develop such a geodetic methodology were not successful. However,
in the process, the CUARO team became so familiar with the nature of current variability
that they could predict EPRF’s modelled output to a reasonable accuracy by examining the
bathymetry. It was clear that current increased when entering an enshallowing region, roughly
proportional to the gradient of the bottom, and decreased when entering a deepening region,
roughly proportional to the reciprocal of the depth gradient. There are, of course, additional
subtleties, such as how easily the water can escape from a rise. Also, the current increased
when passing around a promontory, roughly proportional to the radius of curvature of its
altered path, and decreased when expanding to fill a bay or passing into shelter from the
primary current flow, roughly proportional to the reciprocal of the gradient of water volume
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increase. These generalizations permitted contouring the coastline (figures 4 through 38,
part C), although the process was more intuition than science. The CUARO team is confi-
dent that the figures will provide a very gross, but not incorrect, picture of bottom current
behavior along the coast; however, no detailed planning should depend upon them.

The generation of extreme bottom current values for each locality was not possible
because of local variability. However, an extreme for the coastline at large was reasonable
and should prove of some value. The EPRF regions included areas of some of the coast’s
strongest local currents, including those in the Carmel Canyon vicinity. Under the assump-
tion that the points showing the greatest currents in the modelled regions would not be very
different in value from the points showing the greatest currents for other coastal regions, the
greatest modelled currents could be considered representative of spatial extremes. The
greatest velocities found are listed below.

water column depth, m 20 50 100 200

nd
MT oreatest current velocity, cm/sec 169 150 214 224,

To use the extremes methodology, temporal (rather than spatial) distributions of
current were necessary. The Hansen model yields deterministic results, which may be con-
sidered as expected or average. Thus, the spatial model output maximum was taken as the
coastal mean for the maximum-generating location. Paquette [1972] shows the temporal
distribution of currents at a location to be log normal in form and gives means and standard
deviations over 45 sets of time-dependent data, varying from 277 to 170,127 observations
per set. The standard deviation was plotted against the mean for these 45 pairs, which appear
to be correlated where the standard deviation is a second-degree polynomial function of the
mean. The standard deviation was extrapolated by this function to estimate its value for the
coastal temporal mean of spatial maximum. These parameters, coupled with the log normal
distribution assumption, were used in the extremes methodology to generate confidence
bounds on the California coast’s greatest bottom current at CUARO standard depths.

TSUNAMI SURGE ON THE BOTTOM

Tetra-Tech tsunami wave heights were inputs, and solitary wave theory was used to
estimate the tsunami surge at the bottom. Wiegel [1964] gives formulae for converting an
open-ocean tsunami wave height to a shallow water wave height and for converting shallow
water wave height to horizontal bottom particle velocity. Let h denote open-ocean wave
height, d7 the depth at the outer edge of the shelf, d | the depth of the water where we seek
bottom particle velocity, and g the gravitational constant. Then wave height H is given by

H = h[d,/d]1/2 (13)
and the horizontal bottom particle velocity V at dj is given by

V=H[g/d]1/2 (14)
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(Of course, they can be combined to
h
V=d—\/gd2 3 (15)
1

Data for a 100-year extreme were easy to obtain without using the extremes simula-
tion algorithm. Data exist for open-ocean wave heights for the tsunami resulting from the
1964 Alaskan earthquake, which generated the worst tsunami forces on the California coast
since a large but unmeasured tsunami in 1815. The availability of these data is fortunate
since tsunami measurements are too sparse for adequate statistical sampling.

Tsunamis are waves of remarkable period — 10 minutes to 2 hours. The effects of
local topography for a wave of such a long period are limited to features of approximately
130 kmZ2. Such waves virtually ignore coastal angles and even islands as large as the Channel
Islands. It is possible that resultants of gross feature effects will be expressed in the form of
trapped edge waves propagated along the coast in a highly localized manner and perhaps
captured in basins and bights and converted to standing waves. A successful hydrodynamic
treatment of such an event has not yet been made. However, it is the belief of at least one
prominent tsunami expert (Dr. Van Dorn of SIO) that some damping will occur and that
these effects are not likely to combine in a manner which would result in bottom particle
velocities exceeding those predicted by the primary wave theory. It was accepted as a con-
servative (for CUA purposes) hypothesis that maximum bottom advection velocities were
those predicted by solitary wave theory.

Bottom advection velocities for tsunami forces were predicted from the 1964 Alaskan
earthquake data at equal intervals from Crescent City to San Diego at depths of 20, 50, 75,
100, 150, and 200 m. The resultant velocities were contoured. The upper decile area (area
associated with the upper 10 percent of velocities) was taken as the region of dark gray
shading, and the second upper decile area as the region of light gray shading. The shading
limits were contoured, and the shading filled in (see figures 4 through 38, part D).
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Part D. Tsunami surge.

Part C. Bottom current velocity.
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Figure 17. Predicted regions of century extremes for chart number 14,

Part B. Bottom wave surge.

Part A. Density.




Part D. Tsunami surge.
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Part C. Bottom current velocity.
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Figure 20. Predicted regions of century extremes for chart number 17.
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Part B. Bottom wave surge.
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Predicted regions of century extremes for chart number 18.
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Figure 21.
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Part A. Density.
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Figure 23. Predicted regions of century extremes for chart number 20.

Part A. Density.
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Part B. Bottom wave surge.
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Part D. Tsunami surge.

Part C. Bottom current velocity.
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Part B. Bottom wave surge.
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Figure 29. Predicted regions of century extremes for chart number 26.
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Part C. Bottom current velocity.









Figure 31. Predicted regions

of century extremes for chart number 28.
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Part D. Tsunami surge.

Part C. Bottom current velocity.
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Part B. Bottom wave surge.
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Part A. Density.

Figure 32. Predicted regions of century extremes for chart number 29.
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Part D. Tsunami surge.

Part C. Bottom current velocity.
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